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treated in an appendix, the cross sections for formation of 03+, 02 and
0+ were measured between threshold and 100 eV in a modulated beam
quadrupole mass spectrometer. Phase spectroscopy, which provides a
measure of the neutral precursor mass, was used to prove the absence
of 02 and 0 contamination in the ozone beam. Normalized absolute
cross sections were measured by calibration against Ar, Ne, and He.
Appearance potentials for 03 + e - 03+ + 2e (12.67 eV) and +
03 + e 0+ + 0 -* 2e (13.14 eV) were confirmed, but the observed 0
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and probably inconsistent with 03 + e + 0+ + 0 + 2e (19.81 eV); it was,
however, apparently consistent with 03 + e 0+ + 0- + 0 + e (18.35 eV).
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METAL ION REACTIONS WITH OZONE AND ATOMIC OXYGEN

I. Introduction

In the measurement of thermal-energy charge transfer and io,-molecule
reactions of interest in upper atmosphere chemistry, the reactions involv-

ing metal ions and atoms have received relatively little attention, and
most available rate coefficients are extrapolations downward in energy from

ion beam experiments. Thermal energy reactions with metal ions appear to
be limited to flowing afterglow measurements by Ferguson and Fehsenfeld I for

the processes

M+ + + 0 MO+ +02 (1)

* .where the metal ion, M+ , was Mg+ , Ca and Fe+ , where rate coefficients were
measured, and Na+ and K+ where the product ion was not observed, and only

an upper limit on the rate coefficient is reported. In reactions of the

type

M+ + 0 + X - MO++ X (2)

where X is a third body, no measurements have apparently been made.

Both reactions are of interest for D region chemistry, particularly

where the metal ions are Al+ and Fe+ .

This report summarizes progress made toward measuring both types of

reactions using Al+ and Fe+, using a new drift tube technique.

1E. E. Ferguson and F. C. Fehsenfeld, J. Geophys. Res. 73, 6215 (1968).
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II. Experimental Approach

In measuring rate coefficients for the reactions of interest, the three

requirements are that (1) the gaseous ions of normally solid materials must

be made, (2) the chemical integrity of the 0 and 03 introduced into the

experiment must be maintained, and (3) concentrations of the reactant gases

must be measurable.

In the approach used here, which is similar to a method first used by

Hasted2 and his collaborators, the ions were produced from a source suit-
able for making a beam of the ions running through vacuum and then injecting

them into a drift tube, where the ions would be rapidly retarded by gas drag
to the steady-state drift velocity produced by a uniform electric field in

the drift tube. Ions emerging from the drift tube were then mass analyzed

and their relative currents measured.

The requirement of the chemical integrity of 0 and 03 demands an entirely
new type of drift tube, however; one which would not cause decomposition of

ozone or recombination of 0 atoms into 02 molecules at interior surfaces of

the drift tube. The usual metallic electrodes of drift tubes would not be

acceptable.

There exist certain fully oxidized ceramics with electric conductivities

in the range of 107 ohm-cm, among which is a cobalt-doped nickel-zinc ferrite

produced by Stackpole Carbon Company of St. Marys, Pennsylvania, known as

"Cerramag C-11". The resistivity admits producing a uniform electric field

inside a hollow tube of the material by applying a potential difference

across the ends of the tube, with no interior electrodes. Uniformity of the

currents along the length of a hollow cylinder implies a uniform field in

the vacuum just inside the cylinder and, therefore, a uniform field in the

entire interior volume of the cylinder. The fact that the material is fully

oxidized admits the hope that this material would, like glass, not cause the

decomposition of ozone and only slowly catalyze the recombination of atomic

oxygen.

2J. B. Hasted, "Measurement of Ion-Molecule Reaction Rates Using Ion Swarms",
in "Interactions Between Ions and Molecules", Pierre Ausloos, Ed., NATO Ad-
vanced Study Institute Series, Series B: Physics, Volume 6, Plenum Press,
New York (1974).
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Measurement of the composition of the gas inside the drift tube, by an

external means, in order both to verify the chemical integrity of the 0 and

03 and to obtain the values of the concentrations for determining rate co-

efficient values, can be done in principle by modulated beam mass spec-

trometry. However, while the cross sections for electron impact ionization

of 0 and of 02 to produce both 0+ and 02+ are known, it is also necessary to

* know the fragmentation pattern for production of 0, 02+ and 03+ in electron

impact ionization of 03. Preliminary knowledge of this fragmentation pattern

had already been obtained by M. W. Siegel under Extranuclear Laboratories'

in-house research program, but some minor additional studies were appropriate

to make in the course of the present experiments.

A. Basic Experimental Arrangement

The experiment used in the present studies is shown diagrammatically

in Figure 1.

The basic instrument used was an EMBA-II modulated beam mass spec-

trometer, in the second chamber of which are located the modulator wheel,

an Extranuclear Laboratories Model 041-1 electron impact ionizer, a Model

324-9 quadrupole mass filter, and an electron multiplier. In some of the

measurements the multiplier was a 21-stage Cu-Be unit; for the bulk of the

measurements, however, a channeltron multiplier was used because of the

necessity of detecting separate ion counts rather than analog ion currents.

The 041-1 ionizer was used in the conventional way when doiog the modu-

lated beam mass spectrometry on the gas inside the drift cell. When measur-

ing the ions emerging from the drift cell, the potentials on the ionizer

electrodes were changed to make it an einzel-lens to focus the ions into the

quadrupole mass filter.

The first vacuum chamber of the apparatus housed the ion source, the

drift cell and two planar metal electrodes with aperture, immediately before

and after the drift c.ll, that were used as gates in the measurement of the

ion mobilities needed in the data analysis, and as focusing lenses in the

reaction rate measurements.

7
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Gas was admitted to the ferrite drift cell through a glass tube from a
glass cold trap in which liquid ozone was produced and stored. A teflon

stop-cock was interposed between the cold trap and a needle valve, in which

a section of line was placed in a thermo-gauge. Tanks of oxygen and argon

(the drift gas chosen) were connected, along with a mechanical vacuum pump

to a manifold terminated by the needle valve.

Ozone was produced by flowing only oxygen gas through the cold trap and

into the drift cell and exciting a radiofrequency discharge by capacitative

coupling via external electrodes along the length of larger outside glass of

the cold trap. The power source for this discharge was a quadrupole power
supply similar to that used to operate the quadrupole mass filter. A liquid

nitrogen dewar was raised from below to immerse the lower part of the cold

trap in LN2 . The discharge was allowed to operate for several minutes until

about 0.05 cm3 of solid ozone was frozen onto the walls of the trap. The

oxygen flow was then turned off, and Ar flow started. By briefly lowering

the LN2 dewar, the ozone was liquified and collected in a droplet at tie

bottom of the trap. The Ar successfully prevented the ozone from reaching

back to the thermocouple gauge and needle valve and carried ozone with it

into the drift cell. By exchanging the liquid nitrogen dewar with one con-

taining liquid oxygen, the maximum 03 pressures in the cold trap could be

changed from 43 mTorr (at 770 K) to 620 mTorr (at 90°K). The actual pressure

in the drift cell depended on the Ar flow and the amount of liquid or solid

ozone surface exposed as well as the choice of liquid gas.

B. Theory of the Measurement

1. Rate Coefficient Determination

When primary ions at an initial concentration no are placed in an

environment containing molecules at a much larger concentration nr with

which the ions can react to form secondary ions, the concentrations of the
primary and secondarv ions, nI and n2 , as functions of time are given by

+ +
nI = no exp(-n rkt) (3)

and

+ +
n2 =n o (I - exp (-nrkt)) (4)

9



where k is the rate constant. The ratio of the secondary to primary ion

concentrations is

n2/n" exp(nrkt) - 1 (5)

In a drift tube, the drift velocity of the primary ions is given by

vd = KE (6)

where K is the mobility of the primary ions in the gas mixture in the drift

tube, consisting of a drift gas at concentration nd plus the reactant gas at

concentration n and E is the drift field. The time that a primary ion isr
in the environment, for use in Eqs. (3), (4) and (5) is

t = L/v d = L/KE (7)

Combining Eqs. (5) and (7)

n2 /nI = exp(nrkL/KE) - 1

In the case of a drift tube where the ions are injected at a point on

the axis, the "beam" diffuses transversely and eqs. (3) and (4) cannot be

used in the written form. Equation (5), however, is usable provided that

the diffusion is the same for both the primary and secondary ions. This

assumption is explicitly made in the present experiments.

The ions in the present experiment are injected with greater velocity

than the drift velocity which has two effects: (1) the total time the pri-

mary ion spends in the drift tube is less than given by Eq. (7), and (2) if

the rate coefficient is dependent on velocity the rate of ion production

during the slowing down period will differ from that during the period of

steady state drift in the field.

In the present experiments it is assumed that the slowing down time is

negligibly small compared to the time spent at drift velocity and that the

time given by Eq. (7) is appropriate to the accuracy sought, recognizing

that strictly speaking the measurement will provide a lower limit on the

rate coefficient if the rate coefficient is velocity-independent. The meth-

ods of investigating the latter point are described by Hasted2 , but to first

approximation here it is assumed that any change in rate coefficient during

the small slowing down time can be neglected.

10



Finally it is assumed that primary and secondary ion currents, 11 and 12,

measured are proportional to the concentrations inside the drift tube at the

exit end. With these assumptions the rate coefficient is given by

k = (KE/nrL) log(1 + (12/11)), (8)

for two-body processes. For three-body processes k becomes the product of

the rate coefficient and the concentration of the drift gas which because of

its high concentration to anything else is the third body species.

2. Mobility Measuremtns

The mobility, K, that is required in Eq. (8) is separately determined

using a double gating technilque. A square-wave pulse of ions is injected

into the drift tube by use of Gate #1 and Gate #2 is opened after a variable

delay time to pass an identical square wave current pulse. The delay time

is varied and the time, ti, at which the current pulse maximum is determined.

The actual time tm is made up of two components: the time at steady

state drift velocity, and the time spent in travel between the external gates

and the drift tube and slowing down to the drift velocity. Designating the

latter time as to, which is independent of the electric field applied across

the drift tube,

tm = to + L'/KE (9)

where L' is the length of that portion of the drift tube where the ions

travel at the drift velocity. Multiplying Eq. (9) by E, the electric field

and rearranging

Etm = L'/K + Et0  (10)

By plotting Etm as a function of E, a straight line should result, the y-axis

intercept being the value of L'/k. At sufficiently high drift gas pressures

* little error is introduced by substituting the overall length of the tube, L,

for the quantity L'.

This approach has the merit of clearly indicating when the drift gas

pressure is sufficiently high to ensure steady state drifting within the tube.

11



It is noted that if the pressure is so low that an ion is accelerated to

substantially greater than thermal speeds, the average velocity, , is

given by

= (eX/2m)112(E)1/2  (11)

where A is the mean free path. With t = L'/v

Etm = CE1/2 + t0E (12)
where C =1'2 /2 o

.(2m/e) A non-linearity appears in the graph of Etm at in-

sufficient 'rift gas pressures.

12



III. Apparatus

A. Ion Sources

In experiments involving injection of ions made by an ion source the

distribution of excited states of the ions can have very strong influence
+on the measured rate coefficients. In the present experiments involving Al

ions, in order to avoid the excited state problem it was elected to use

ions produced by thermal ionization at a hot surface. Two types of sources

were examined.

K 1. Direct Deposition Type

In the direct deposition sources an aluminum-containing compound is ap-

plied directly to a surface with high work function. Upon heating the sur-

face, Al+ ions are evolved. In the present experiments the compound was

aluminum chloride, prepared by dissolving aluminum metal in hydrochloric

*1 acid. The solution was then applied to the metal and allowed to dry. The

metals experimented with were tungsten and rhenium in both coiled wire and

ribbon form. The source found best used was rhenium which is in ribbon form

0.03 mm thick, 0.76 mm wide and 1 cm long. It was heated by a dc current of

3.0 amps at 1.6 volts.

After producing the ions, taking them through the drift tube when evacuated,

focusing them through the aperture in the wall separating the vacuum chamber

and into the quadrupole mass filter, tuned to Al+ at wide resolution,

typical usable maximum ion currents were I x 10-12 amps. The only other ion

of significance, coming from surface ionization of impurities in the rhenium

metal, was K+ at a current of about 10-14 amps.

While this source produced a steady ion currnet for short periods, it

suffered from the problem of all direct deposition sources, namely, deple-

tion of the deposited material. Increased ion currents could be produced

only at the expense of reducing the time available for experimentation.

This source at a current of 10-12 amps gave a steady and stable current

to within 2% over periods of a half hour typically.

13



2. Atom Beam Ionization Type

In order to gain longer running time and/or larger currents, a second

source involved forming a beam of neutral Al atoms and either ionizing them

by impact of 50 ev electrons or directing the atomic beam onto a rhenium

ribbon similar to that in the direct deposition type source for surface

ionization. In this case the Al metal was placed in a cylindrical boron

nitride container from which the beam emerged through an aperture and which was

heated by an external tantalum coil operated at 8.5 amps and 12 volts.

It was found that upon electron impact the Al+ currents transmitted

through the mass filter were only comparable to those of the direct deposi-

tion source. Electron impact was rejected in part because of the produc-

tion of excited states in this method, but more because if ionization of

residual gases in the vacuum, one ion from which is C3H
+ at mass 43 which

would interfere with measuring 
AlO + at the same mass.

Surface ionization of the beam at the rhenium surface was found to pro-

duce comparable currents to those from the direct deposition source and,

because of the comparatively inexhaustible supply of aluminum atoms, gave

stable currents for long periods of time (days). However because of the

limited volume availablu for placement of an atom beam source, an ionizing

filament and the drift tube, it was not possible to provide sufficient heat

shielding between the atom beam source and the drift tube. Since the drift

tube material is actually a semiconductor, heating from the atom beam

source caused its resistivity to decrease. Since the drift field is es-

tablished by a current in the walls of the drift tube, reduced resistance
implies higher currents and even more heating of the drift tube, and a po-

tential runaway situation existed.

The source, therefore, that was used throughout most of this work was

the direct deposition type.

B. Drift Tube

As noted earlier, the drift tube was unconventional in that it had to

maintain the integrity of ozone and atomic oxygen. It was constructed of

14



Cerramag C/Il which has a resistivity of 107 ohm-cm, as a cylinder 2.54 cm

long, 7.9 mm i.d. and 12.7 mm o.d. End pieces of the shape shown in Figure

I were of diameter larger than the o.d. of the cylinder, and dished in such

a way that the end piece fitted over the outside of the cylinder. The dished

central regions of the end pieces were ground down to a thickness of about

1 mm and feathered toward the apertures in the center. The apertures were

1.2 mm in diameter. Electrical contact was made between the end pieces and

the mating surface on the end plate. Electrical contact to the end pieces

from the voltage source were made around the entire outer perimeter of the

end pieces to ensure symmetry of the currents in the end pieces and uni-

formity of the currents in the walls of the cylinder.

Gas was admitted to the drift tube at a point midway along its length

by a glass tube that fitted closely into a hole ground into the tube. No

sealants were used between the glass and the drift tube.

*1 -It may be noted that placing a hole in the side of the drift tube does

distort the field inside the drift tube. It can be shown easily, for ex-

ample, that forcing the current to flow around a hole in a two-dimensional

conductor increases the field in the hole to exactly twice the field that

would have been there had there been no hole. The distorted current flow

around the hole in a cylinder and its effect on the interior field is

straightforward (although tedious) to calculate. Qualitatively it may be

noted (a) that since the ions that ultimately would be detected travel near

the axis of the tube, the distortions would be small compared to the factor of

2 change at the wall, (b) that symmetry about a midplane perpendicular to the

axis at the position of the center of the hole must obtain, so that distor-

tions of the component of the field in the direction of the axis would

average out, and (c) that any radial drifts of the ions will also average

out (i.e., an ion pushed off the axis on one side of the midplane will be

returned to the axis on the other side) and radial motion would tend to in-

crease the path length if the ions slightly and thus make the substitution

15
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of L for L' in Eq. (9) a better approximation. For these initial experi-

ments, it was felt premature to treat the field distortion due to the gas

inlet hole in complete detail and it was assumed that the field in the

drift tube was uniform.

C. Pressure Measurement

The gas pressure in the drift tube is monitored by the thermo-gauge

(Granville-Phillips) shown in Figure 1. This gauge was located 154 cm from

the drift tube. Calibration of this monitoring gauge was made by replace-
ment of the drift tube by an identical dummy drift tube into which a second

hole had been ground so that an identical thermogauge could be run directly

to the drift tube through about 20 cm of 4 mm i.d. glass tubing. Figure 2

shows the calibration plot comparing the drift tube pressure as a function

of the up-stream pressure measured by the monitoring gauge for Argon, which

was the drift gas used throughout the experiment. The pressures actually

used in the experiment were well into the region where the two gauges

track linearly.

A second check on pressure in the drift tube was made by noting the

pressure change in the first vacuum chamber upon admission of gas to the

drift cell and estimating the pumping speed of this chamber's pump (250

liters/sec) to get the total gas flow into the vacuum, and then calculating

the pressure inside the drift tube that would produce this gas flow. Agree-

ment was found with the primary calibration measurement described above to

10% or less for Ar, N2, 02 and 03.

D. Ion Gating

For the mobility measurements, square-wave ion current pulses were made

using the gates shown in Figure 1. The gates themselves were flat plates

with apertures of 3.2 mm. When Gate #1 was opened, its potential was equal

to the ion source potential; when closed its potential was increased by 4

volts. The source potential is defined for this purpose as the potential

at the negative end of the rhenium ribbon, which was normally about 8 volts

above ground. When Gate #2 was open, it was at ground potential; when

closed its potential was raised by 12 volts. The distance between the gates

16
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was 3.2 cm so that the space between the gates and the adjacent drift tube

ends totalled about 3.5 mm. The entrance aperture of the drift tube was

held at the source potential (so that the actual energy of the ions enter-

ing the drift cell was determined by the voltage at the center of the rhenium

ribbon, about 0.8 volts, neglecting contact potentials). The exit of the

drift tube was at a potential of the drift field times the length of the

drift tube.

The procedure used in the gating is shown in Figure 3. Gate #1 was

opened for a period of 50 microseconds and then closed for a period of 220

microseconds. Gate #2 was operated identically except for a delay time

which was variable. The transit time was taken to that delay time corres-

ponding to the maximum ion current being transmitted through the Gate #2.

The gating circuitry is shown in Figure 4.

E. Ion Detection

The quadrupole mass filter was an Extranuclear Model 4-324-9 and the

ionizer was rodel 041-1. A 21-stage venetian blind Cu-Be multiplier was

used in the current measuring mode when measurements of gas integrity were

nade. In the reaction and mobility experiments, the very low signal levels

= required its being used in the ion counting mode.

F. Ozone Source

The ozone source is described in Appendix A, which is a draft of a

paper by M. W. Siegel on the electron impact ionization of ozone. For

study of atomic oxygen integrity the same source was used, except that the

trap was run at room temperature.

18
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IV. Results and Discussion

A. Integrity of Ozone and Atomic Oxygen

The major reason for approaching the measurements of the reactions of
interest as was done here was to have a swarm experiment in a tube which

would not destroy ozone and atomic oxygen at its interior surfaces. The
first problem, therefore, was to determine whether these gases would remain

in the drift tube and not be converted by wall reactions back into 02.

Modulated beam mass spectrometry is capable of analyzing all three

species. However, the 0+ ion at 16 amu is produced not only by ionization

of 0, but also by dissociative ionization of 02 and 03; the 02+ ion at 32

amu is produced by dissociative ionization of 03 as well as simple ioniza-

tion of 02* To measure the gases in the cell it is necessary to know the

cracking patterns of the molecules. The cracking pattern of 02' i.e., the

ratio of measured 0+ and 02+ currents, is readily measurable by putting pure

02 into a molecular beam source.

Determining the cracking pattern of 03 is not easy, because one must

have the assurance that 03 in a molecular beam source is not contaminated by

02 formed from decomposition of the 03.

This problem can be addressed very effectively by using phase spec-

trometry as well as mass spectrometry in a modulated beam experiment. Ap-

pendix A describes experiments of one of us (M. W. Siegel) on this prob-

lem. Briefly summarized here, this experiment consisted of producing ozone

by discharging oxygen and cryogenically collecting ozone produced, and then

feeding the vapor above the liquid ozone via an all-glass line into a glass

beam source. By examining the phase of the modulated beam signals of the

ions at 16, 32, and 48 amu, it was possible to determine that the ozone was

free of 02 contamination in the all-glass system and the ratios of currents

of the three ions as a function of electron energy up to the 100 ev maximum

energy included in the ,xperiment were measured. Using a standard gas mix-

ture of He, Ne, Ar, and the known ionization cross sections for these gases,

the transmission of the mass filter and overall detection efficiency as a

21



function of mass was determined, from which the relative cross sections for

0+ 02+ and 03+ production from 03 were determined and, to less reliability,

the absolute cross sections as well. (The bulk of this work was done under

Extranuclear's in-house research program, but some final points were checked

in the course of the present contract).

From Siegel's work it was clear that a test for purity of 03 in the
Cerramag drift tube could consist of measurement of the ratio of 02 +/03+

ion currents, after determining the transmission and overall detection ef-

ficiency (mass discrimination) using the Ar++/Ar+ ion current ratio, and the

known cross sections for the single and double ionization of Ar.

4It was found that the 02+/03 + ratio at 70 ev was 0.66 as compared with

Siegel's 0.71 and at 100 ev the ratio was 0.73 as compared to Siegel's 0.74.

The conclusion is that the drift tube maintained the ozone as well as

the glass system did, and that the ozone was not being degraded by the tube

material.

With regard to atomic oxygen the situation is not clear. It is known

that some radio-frequency gas discharge sources of atomic oxygen for atomic

beams can produce 20-40% dissociation3 , but the gas is taken directly from

the plasma in such sources and the modulated beam mass spectra reveal no

significant amount of ozone or any other species in the beam. In other

experiments where discharged oxygen has been detected by electron spin reso-

nance after passage along some distance of glass tubing, the dissociation

fraction has been found to be typically only of the order of 1%.4 Since

conditions in the drift tube and a few more centimeters of glass tubing

leading to the drift tube, the task becomes one of detecting by modulated

beam mass spectrometry 1% of oxygen atoms in a beam containing 02 and 03

formed at walls in three-body collisions in the gas, the latter two of which

produce 0+.

3W. L. Fite and R. T. Brackmann, Phys. Rev. 113, 815 (1959).

4J. W. Linnett, private communication (1960).
H. Wise, private communication (1960).
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Experiments were performed on the gas issuing from the drift tube when

oxygen flowed in and when the cold trap was not cooled. It was found that
+

the 0 signal increased by about 2% when the discharge power was turned on.

However, the experimental uncertainty in the fraction of 0+ that is produced

by dissociative ionization of 03 and the possibility of excited states of

02 that might not be quenched and which might have an increased dissociative
ionization cross section, prevents our drawing any conclusions with respect

to the extent to which atomic oxygen remains atomic in the drift tube.

The experiments carried out were not extensive in view of our major

attention being directed toward the reactions with ozone.

B. Mobility Measurements

With reference to Section II.B.2, above, a plot of Et vs. E, is shown

in Figure 5, for the case of Al+ ions in argon at various pressures in the

drift tube.
Particularly to be noted is that at the lower pressures the curves show a

decidedly non-linear shape indicating that the pressure in the drift tube is

not sufficiently high to cause the ions to get into a steady-state drift at

a velocity low compared to the thermal velocity of the Ar.

At the higher pressure shown (78 mTorr) the curves for two typical runs

are apparently linear up to a drift field of about 1 V/cm, but then turn

downward. Ignoring the higher E points and extrapolating to the vertical

axis intercepts (37 and 44 V-psec/cm), and using Eq. (10), mobilities of
44 2

6.8 x 10 and 5.7 x 10 cm2/V-sec at a pressure of 78 niTorr and a tempera-

ture of 3230 K, are inferred. Using the formula

P 273
S: 76-0 T,

the average zero-field mobility at 0OC and atmospheric pressure is calculated

to be 5.45 cm2/V-cm.

This number is almost certainly wrong. First, at the 78 niTorr pressure,

the mean free path is not negligibly small compared to the length of the drift
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tube; it is doubtful that the ions are being slowed from their injection

velocity down to a steady state drift velocity and that substituting L for

L' is appropriate. Second, according to the classical Langevin theory,

which predicts values in good agreement with experiments on alkali ions in

Ar, Kr, Xe, N2 and H2
5  a calculated value of .69 cm2/V-cm, about half

the "measured" value, for the zero-field STP mobility.

The problem is, of course, that the pressure in the drift tube could

not be raised sufficiently high to ensure steady state drift without

intolerable attentuation of detectable signal through scattering and trans-

verse diffusion of the beam as it proceeded through the drift tube. It is

to be recalled that the maximum primary ion currents used were of the order

of 10-12  and this is four to six orders of magnitude less than the pri-

mary currents used in other experiments where ion injection of ions into a

drift tube had been successful.2

Admitting the failure to achieve steady state drift, an attempt was
made to obtain a believable mobility value by obtaining a correction factor

to the measured value. This attempt involved measuring the mobility by the

method used here for K+ in Ar, and then comparing it with the known values

determined in other drift tube experiments.
5

In this experiment, a surface ionization source of K+ was used and

measurements were made at a pressure of 42 mTorr in the drift tube at a

temperature of 3230 K. The vertical axis intercept was obtained by extrapo-

lating the lowest two points linearly to E = 0. The zero-field mobility

value, for 0 OC and atmospheric pressure, was given as 10.7 cm 2/V-sec,
which is a factor of 4.1 times the accepted value of 2.64 cm2/V-sec.

Using the 54 m-Torr data of Figure 5, the same procedure yields a value

of 16.8 cm2/V-sec. When divided by 4.1, the value of 4.1 cm 2/V-sec is ob-

tained, which is probably still too high.

5A. M. Tyndall "The Mobility of Positive Ions in Gases", Cambridge University
Press, Cambridge, England, 1938.
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As a matter of completeness, it was found that attenuation of the Al+

beam by Ar in the drift tube used in these experiments caused an attenua-

tion by a factor of about 10 for every 20 mTorr of pressure in the drift

tube.

+

C. Al + 03 Reaction

Very early in the program the reaction Al+ + 03+AO + 02 was ob-

served. In this first observation, ozone alone was admitted to the drift

cell. It was found that the Al+ beam was attenuated by almost exactly a

factor of 10 and the ratio of AlO+/Al+ was 0.02 when the ozone reservoir

was held at liquid oxygen temperature. The ion energy was approximately
8.1 ev upon entering the drift tube and the field inside the drift tube

was 0.8 V/cm.

In view of our not being able to complete the full measurements in the

drift gas as originally planned, it is worthwhile examining this first ob-

servation in light of what was subsequently determined.

First, we believe that the ozone was in fact pure, high quality ozone

in view of the experiments described in Section IV.A, above. Second, the

pressure in the drift tube, estimated from the pressure rise in the first

vacuum chamber and the pumping speed was 0.002 Torr; the pressure in the

drift tube deduced from the curve in Figure 2 and the measured pressure at

the thermo gauge near the entrance to the cold trap, was 0.004 Torr. In

view of the uncertainties of similarity of ozone to argon for thermo gauge

response and the non-linearity in the relevant low pressure region of

Figure 2, the latter figure is not considered reliable, and in view of

chemical changes of the ozone at surfaces (possibly oil coated) in the first

chamber the former figure can also not be trusted. For present purposes we

take the pressure in the drift tube as 0.003 Torr (±0.001 Torr).

Taking the number density of ozone in the drift cell as 9.6 x 1014 cm 3

the factor of 10 attenuation of the Al+ beam over the cell length of 2.5 cm

indicates that the total Al + loss cross section (scattering plus reaction)

is 9.5 x 10-15 cm2 (±33%) at an average ion energy of 9.1 ev.
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Because of the high energy, Eq. (5) for a rate coefficient seems less

4i appropriate to use than a cross section formula. Defining Qr as the cross

section for reaction, the ratio, R, of AO+/Al+ is given by

R = n Qr L (12)

in the limit of small values of R. For R = 0.02, and with n and L as taken

above, Qr is calculated to be 8.2 x 10
-17 cm2

Because the relative velocity distribution is sharply peaked at the Al+

velocity, a rate coefficient determination consists only of multiplying Q
+5 11 cm3 c

by the Al+ velocity, 8.2 x 10 cm/sec, yielding k = vQr =6.4 x 10 cm3/sec.

It is emphasized that this is a super-thermal rate coefficient, at an energy

I of 9.1 ev and is subject to uncertainties of an estimated 33%.

*2I
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V. Conclusions

The principal conclusions of this work are:

1. The use of leaky dielectrics as drift tubes is a viable alternative
to using drift tubes in which metallic electrodes are placed to produce the

drift field.

2. Cerramag C/11 is a good material to use for the drift tube, in the
sense that ozone is not degraded in wall reactions. Whether it is a good
material for maintenance of atomic oxygen in the drift tube was not de-

:: finitively determined.

3. It was found that to perform drift experiments on Al+, using the ion
injection approach pressures of Ar drift gas of 78 mTorr and less are in-

adequate to establish steady state drift conditions. It appears that a

pressure of at least 200 mTorr would be required in the drift tube and from
the measured attentuation of the Al+ beam in Ar a primary ion source current

of the order of 106 amps would be necessary in order to have output signals
in the 100 counts/second range. These magnitudes of currents are not pro-
ducible with direct deposition sources of the type used here, if they are to

operate for a period long enough to make the measurements.

4. If this approach for experiments with Al + is used again, the type
of ion source which should be investigated is that in which a metallic alumi-
num beam is directed toward a hot rhenium surface where the aluminum atoms
are surface ionized. Ample space should be provided to permit the use of
sufficient heat shielding between the atom beam source and the drift tube,
if the drift tube is a semiconductor such as Cerramag C/11 is.
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ABSTRACT

Cross sections for the electron impact ionization of ozone

to 03+  02+  and 0+ are measured between threshold and 100 eV

* in a modulated beam quadrupole mass spectrometer. Phase spectroscopy,

which provides a measure of the neutral precursor mass, is used to

! prove the absence of 02 and 0 contamination in the ozone beam.

Normalized absolute cross sections are measured by calibration

against Ar, Ne, and He. Appearance potentials for 03 + e - 03+ + 2e

(12.67 eV) and 03 + e - 02 + 0 - 2e (13.14 eV) are confirmed, but the

observed 0+ appearance potential is inconsistent with 03 + e 0+ +02 + 2e

(14.7 eV) and probably inconsistent with 03 + e - 0 + 0 + 0 + 2e (19.81 eV);

it is, however, apparently consistant with 03 t e 0 + 0- + 0 + e (18.35 eV).
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INTRODUCTION

The ionization potential of ozone is known from photoionization

measurements (12.67 ev), but its electron impact ionization cross sections,

appearance potentials, and fragmentation channels have apparently not

previously been reported. We were prompted to make these measurements by

our need to know the electron impact ionization cross sections for

calibration of the ozone beam intensity in separate experiments on

associative ionization between actinide metals and ozone. We expect the

results reported here will be useful in atmospheric and environmental

studies, and also as an example of the application of phase spectrometry

to the identification of the neutral precursors of observed mass

IIspectrometric ions.

Apparatus

Ozone was produced by a RF discharge in flowing oxygen at several

torr, and frozen onto the walls of the all-glass source (Figure 1) by a

liquid nitrogen bath (mp 03 = -192.7"C; bp N2 = -195.40C). After about

10 minutes the discharge was turned off and the LN2 dewar slowly lowered,

the liquid ozone forming an approximately 0.1 cm3 puddle in the bottom of

the source vessel. The LN2 was then quickly replaced by a liquid oxygen

I bath, at which temperature (bp 02 = -183.00 C) the ozone vapor pressure was

sufficient to generate an adequate beam which remained stable for many

hours.
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The ozone beam was formed by a glass nozzle, an integral part

of the source, with an aperture approximately 1 mm in diameter removed

approximately 1 cm from an approxim; ately 1 mm differential pumping

aperture in the wall dividing the two-chamber vacuum system (Figure 2).

A toothed wheel modulator chopped the beam enroute to the ionizer, and

a light source-phototransistor pair provided the reference signal for a

phase sensitive ("lock-in") amplifier observing the output of a conven-

tional electrometer preamplifier.

The beam was ionized by electron bombardment, and the ions mass

filtered and detected by a quadrupole mass spectrometer equipped with a

Cu-Be dynode multiplier. This apparatus, excluding the ozone source,

is an Exttanuclear Laboratories, EMBA-II modulated beam mass spectrometer

system, with turbo-molecular pumping and continuously variable modulator-

to-ionizer distance options. A minor temporary modification to the

ionizer control allowed the electron energy to be swept by an external

ramp generator. A logarithmic amplifier inserted between the lock-in

amplifier output and chart recorder input was used to record broad

energy range (10-100 ev) cross section data. For increased precision

near ion appearance thresholds, narrow energy range scans (10-30 ev) wer-

recorded linearly and where appropriate numerically reduced to semi-loga-

rithmic plots later. A second pen on the chart recorder was used to

record the instantaneous electron energy, thereby obviating any need to

rely on sweep speed and linearity or scanning range reproducibility to

obtain electron energy (alibration and correspondence. Tile apparatus

and data systems are shown in block diagram form in Figure 3.
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Method and Calibration

To provide calibration for the absolute cross section determina-

tion, and also to provide the information needed to determine the ion

mass dependence and the electron energy dependence of the instrument

sensitivity (ion current/electron emission-pressure-cross section), a

mixture of He, Ne, and Ar was prepared by macroscopic partial pressure

addition . Measured electron impact cross sections for total ionization

of these gases have been critically evaluated and tabulated, and we can

take them as benchmarks suitable for instrument calibration. These ref-

erence data are henceforth collectively referred to as Kieffer's, after

the name of the compiler. While Kieffer's data are for total ioniza-

tion, and our measurements are for single ionization, valid comparison

is nevertheless easily accomplished. In the energy range of interest

at our cross section resolution, the cross sections for production of

He++ and Ne++ are negligible. The cross section for production of Ar++

is significant above about 55 ev, but this ion can be observed at m/e = 20

and added to the observed Ar+ current for comparison with Kieffer's

data. The presence of 4°Ar++ superimposed on 2°Ne + is no problem because

Ne can be observed as 22Ne+.

The rare gas mixture was used as a buffer-carrier gas at a pressure

approximately 10 times the 03 pressure at liquid oxygen temperature.

The accuracy of this relative pressure measurement is obviously a criti-

cal point in obtaining absolute cross sections, and in fact is the

I*

Simple addition is actually appropriate only when detection is by a Fara-
day cup. When a particle multiplier is used, twice the Ar++ signal
should be added to the Ar+ signal, since the multiplier responds more
nearly to the number of ions incident per second than to the total charge
incident per second. Kieffer's total ionization data are just that: Ar++
ions contribute twice as much to the total as Ar+ ions do.
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limiting factor in determining the absolute accuracy of our reported re-

sults. Circumstances beyond our control made a very good pressure

measurement impossible, although it is perhaps doubtful that any gen-

eral purpose pressure measuring device can give a reliable measurement

for ozone. A capacitance manometer, for example, might give question-

able results because of ozone decomposition on the metal diaphragm.

-Our approach, admittedly expedient, was to use a thermocouple gauge

communicating with the source volume through a fairly low conductance

unswept path; our assumption is that there was little or no ozone in

the gauge tube, but the pressure in the gauge tube was the same as the

pressure in the source.

In order to observe the effect of replacing the 03 with 02' part

of the rare gas mixture was bled off and further mixed with 02 at a

concentration approximating the 03 concentration during normal opera-

tion. Thus normal operation consisted of observing He+, Ne+, Ar 4 , 03+ ,

02+ and 0+ from ozone at liquid oxygen temperature, with the rare gas

buffer present, and checking operation consisted of observing He+, Ne+,

Ar+, 02, and 0+ from ozone at liquid nitrogen temperature, with the

rare gas and oxygen mix present. Tanks of the rare gas mix and rare

gas plus oxygen mix have been preserved for future reference.

Modulated Beam Mass Spectrometry and Phase Spectrometry

S When the ozone-containing bean is modulated, the 03 . 02+ and 0

ion signals due to ozont, molecules in the beam retain the modulation.

The instrument was available only during the period between its assembly
and its shipment to Extranuclear's customer; these experiments were
conducted as part of the quality control tests.
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An AC signal amplifier tuned to the modulation frequency sees only the

ion signal due to beam components, and is blind to the DC ion signals

due to background molecules. Of special interest is that the AC channel

is blind to specific background molecules such as 02, NO2, H20 which con-

tribute to the total (AC + DC) signals at me = 32 and 16. Thus beam

modulation and AC detection provide a powerful means of simplifying mass

spectra by automatically subtracting out the background. Significant

enchancement in usable sensitivity accompanies this simplification in

spectra, but this enhancement is only marginally relevant in the present

measurements.

When the AC signal amplifier is of the phase sensitive ("lock-in")

type, an even more powerful technique becomes available; the ability

to do time-of-flight mass spectrometry on the neutral precurser of any

ion mass signal, and thus to identify the molecular weight of the

neutral species from which each ion mass spectral peak is derived.

By this additional technique ("phase spectrometry") we demonstrate

that the 03 beam is free of contaminants (such as 02, CO, H20, etc.)

which might contribute to the total AC signal at m/e 32 and 16. The

major concern, of course, is that the "ozone" beam might contain a

significant 02 contaminant. If this were the case and we were ignorant

of it, the cross sections measured for the production of 02+ and 0+

from 03 would be irretrievably in error.

To review the technique of phase spectrometry, first consider the sim-

plified case of a monoenergetic beam, all of whose molecules travel at the

same velocity v. If this beam is modulated at frequency f, then in an ioni-

zer downstream by distance f an ion signal will be developed with a phase
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with respect to the phase at the modulator. It is easily derived

that for this monoenergetic beam

_fR-
3600 v

where * is in degrees.

In a beam with a distribution of molecular velocities, the

mean phase shift 0 is determined by integration of this result over

*the velocity distribution. For the case of a Maxwellian thermal

distribution, numerical integrations in tabular and graphical form

have been given by Harrison, Hummer, and Fite, and in the range

0 < o < 1000 or 0 < f- < 0.26, Patterson has obtained by least squares-- -- V -

curve fitting the approximation

f 2.22 x 10 + 3.69 x 106

where v is the mean velocity for the Maxwellian distribution:

vm

4Thus if f, e, and T are known and 4 is measured, the mass of the neu-

tral precursor of any ion is in principle determined.

In practice, t is not well known (because the active portion of

the ionizer is of non-negligible spatial extent), T is not well known

(because of the nature of the source and the free jet expansion), and

0 cannot be measured absolutely because ion flight times and elec-

tronic detection and amplification introduce constant, ion mass de-

pendent, and electron energy dependent additional phase shifts. How-

ever it is possible t, vary t by accurately measurable distances, in

45



which case A¢IA/, the phase shift per unit length, can be deter-

mined independently of spatial, ion optical, and electronic "end

effects". The mathematical details, showing AO/Af- to be very nearly

linear in'm , are derived in the Appendix.

Figure 4 is a plot of AO/At vs. 4m measured for ions of m/e = 4,

16, 20, 32, 40 and 48 in a beam containing He, Ne, Ar, 03, and per-

haps impurities. The points at m/e 4, 40, and 48 corresponding to

He, Ar, and 039 clearly lie on the expected line. Each plotted point

is the average of 8 to 10 measurements made at electron energies evenly

spaced between about 20 and 100 ev, and as expected these values of

Ap/Ae are indepenlent of electron energy. Two points are plotted at

m/e = 20, one the average of three measurements at electron energies be-

low the threshold for the appearance of Ar + , and the other the aver-

age of five measurements at electron energies above this threshold.

Below the Ar++ appearance threshold, AO/AZ clearly corresponds to a

neutral precursor of mass 20, i.e. 2°Ne. Above the Ar threshold,

AO/Af is raised nearly to the value corresponding to 40Ar. From this

example we confirm that above the Ar++ threshold the total ion sig-

nal at m/e = 20 contains both 20Ne+ and 4OAr++ components, Ar++ being

dominant.

The ions observed at m/e = 16 and 32 both clearly have values of

A4/Ae belonging to m/e = 48 rather than 16 or 32, indicating that within

the limits of measurement all the ions 03+  02 and 0+ come from 03,

i.e., there is no measurable quantity of 02 in the ozone beam. The

values of A4/Af plotted are again the average of 8 to 10 measurements
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evenly spaced in the electron energy range 20-100 ev, and these indi-

vidual results show no energy dependent trend.

In all cases the absolute phase measurements, , are far less

reliable than AO/Ae. For example, 0 shows a distinct dependence on

electron energy, presumably because the electron space charge per-

turbs the ion energy, while AO/AZ. is quite independent of this (or

any other) parameter.

Near-Threshold Data

Figures 5 and 6 show composite original data for the appearance

++ + + + +of 03+ , 02, and 0+ from 03, 02 and 0+ from 02, and He+ , Ne+ , and

Ar+ in the threshold region from approximately 10 to 30 ev. Figure

* 5 curves are simply superimposed tracings of the raw data. In Figure

6 the data are normalized by pressure, recording sensitivity, and

Kieffer's datum for Ar at 28 ev.

The data were obtained in two runs:

1. Ozone source at liquid oxygen temperature, ozone partial

pressure 0.5 x 10-1 torr, incremental pressure of He, Ne,

Ar mixture 0.55 torr, buffer gas composition (atom %) 37% He,

17% Ne, 46% Ar.

2. Ozone source at liquid nitrogen temperature, ozone partial

pressure 10- 3 torr, total pressure 0.6 torr, gas mixture

33% He, 15% Ne, 12% 02, 41% Ar.

The second run was used to generate the 02+ and 0+ from 02 data

to determine positively that these threshold curves are different from

the 02 (nd 0+ from '03 curves.
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The EMBA-II apparatus is intended to be a high sensitivity analy-

tical instrument, and as such the ionizer is designed to optimize

ionization efficiency rather than to provide a well defined electron

energy. Thus we are very cautious about claiming the ability to measure

absolute ionization potentials with this instrument. Nevertheless the

positions of the rare gas and 02 thresholds indicate thdt ionization

potential difference measurements can be made with confidence. To

obtain the energy scale for Figures 5 and 6, the nominal electron

energy measured at the ionizer control was offset by about 0.6 ev,

but the scale factor (ev/mm) was taken directly from the recorder trace.

fr This offset, presumed due to contact potentials, is a reasonable one,

and is all that is necessary to bring the rare gas thresholds into

good agreement with the known values. The thresholds for production

of + and 0+ from 02 are also in good agreement with known values.

Figure 7 shows some energy levels of the three oxygen atom sys-

tem, indicating known ionization potentials and dissociation energies

which are used to predict the appearance potentials of various ioniza-

tion channels of 03 with ground state products. The channel
+

03 + e , 03 + 2e has an observed threshold in good agreement with

the value known from photoionization (12.67 ev). The channel
+

0 3 + e 1 02 + 0 + 2e, expected to appear at about 13.14 ev, has a

threshold consistent with this value.
~But the threshold for appearance of 0+ from 03 appears at much

too high an electror energy (18-19 ev) to be reasonably assigned to

03 + e + 0 + 02 + 2e (14.70 ev), and somewhat too low an energy to
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be assigned to 03 + e 0 + 0 + 0+2e (19.81 ev). It is nevertheless

clearly distinct from the nearby 02 + e 0 + 0 2e curve (18.8 ev),

which fact in combination with the phase spectrometry data (Figure 4)

makes any confusion with 0+ from an 02 impurity unlikely. The chan-

+2nel 0 + e - 0 + 0 + 0- + e has a threshold predicted (t 18.35 ev. and

is the only 03 ionization channel with ground state products whose

threshold is close to the observed value. We thus cautiously report

that it appears from these results that the dominant channel for pro-

duction of 0+ from 03 may be the doubly dissociative mutual ionization

channel
+' 0+ 0 +

,03 + e + 0 + 0- + e

We offer no explanation for this, and anticipate checking it at a

later time by experiments in which the negative ion is sought.

Broad Range (Threshold to 100 ev) Data

Ion currents of 03+ , 02+ , 0 + , Ar+ , 20Ne+, 22Ne+, and He+ were

recorded logarithmically over a 10-100 ev electron energy range. The

logarithmic amplifier was carefully calibrated through the lock-in

amplifier's calibration source. The lock-in amplifier output was suf-

ficiently linear and quiet to make this technique useful down to out-

put levels somewhat below 10-13 of its full scale output. In the ab-

sence of instrumental transmission function effects, these ion cur-

rents normalized by the respective gas partial pressures in the source

and normalized to dny one of Kieffer's data points would provide the

required absolute cross sections.

53



In practice, there are at least three sources of systematic

error which must be taken into account:

(1) Mass discrimination (fractionation) in the expansion from

the nozzle to the ionizer. This is a discrimination de-

pending on the neutral mass.

(2) Mass discrimination in the quadrupole mass filter. This

is discrimination depending on the ion mass.

(3) An electron energy dependent sensitivity function due to

changes in circulating electron current and space charge

depressed potential in the ion production region as the

electron energy is changed while holding the emission cur-

rent constant.

The last of these points is straightforward to handle with con-

fidence, at least in the region above about 30 ev where the cross

sections are not varying rapidly with energy. If we normalize our

He+ signal to Kieffer's cross section data at one energy (60 ev), and

do similarly for Ne and Ar, we can look for systematic deviation as

a function of electron energy. We find that our data show a decrease

in sensitivity with increasing electron energy. This apparently in-

dicates a decrease in the circulating electron current as the electron

energy increases. The magnitude of the effect is shown in Figure 8,

which shows the deviation (in mm on a logarithmic plot where 50 mm =

I decade) between our relative ion currents and Kieffer's relative

cross sections for He, Ne, and Ar. (In the case of Ar, the Ar+ + com-

ponent has been appropriately accounted for.) If we designate the

cbserved ion current at mass m and electron energy E by Io (m, E),
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then Figure 9 indicates that 10 (m,E) can be corrected for electron

energy dependence by letting
i:Ii(m,E ) - (1.00867) (E-60) 1I0(w,E )

i.e., the correction is -0.867%/ev. The largest correction generated
.1 by this procedure is about 40%.

Mass discrimination is usually attributed entirely to ion mass

discrimination, and in the case of quadrupole mass spectrometry is

generally blamed (generally vaguely) on the quadrupLle. The effect

is usually described as a falloff of transmission with increasing mass.

In fact, with appropriate electrical adjustment the peak widths can

be systematically degraded and the transmission correspondingly en-

hanced with mass, which at least in part will compensate for an elec-

trical entrance aperture which at fixed peak width inherently becomes

smaller with increasing mass. In the mass and resolution range cor-

responding to these data, the instrument was adjusted to give a trans-

mission slightly increasing with increasing mass.

Mass discrimination in the neutral beam beclouds the issue. If

the source operates at a sufficiently low pressure that free molecular

flow is applicable, then the number densities of species in the

ionizer are all in proportion to their partial pressures in the gas

source, i.e., there is no fractionation. On the other hand, if the

source operates under viscous flow conditions then all species leave

the source with the bulk gas velocity, meaning that the heavy species

leave the source relatively more rapidly than under free molecular

flow conditions. After expansion and transition to the free molecular

flow region the average (in a plane perpendicular to the axis) number
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density of any species is proportional to the product of its partial

pressure in the source and the square root of its mass, so a number

density sensitive ionizer will report relatively too high a source

partial pressure for heavy molecules. The effect is further enhanced on

axis because heavier species are directed into a narrower cone than

* Ilighter species. In practice the source operates in the transition

region between viscous and free molecular flow, and at most a slight on

axis enrichment Gf heavier species is seen.

The reason neutral mass and ion mass discrimination need to be

distinguished is that the former only disturbs our knowledge of the

relative partial pressures of He, Ne, Ar, and 03 in the ionizer, while

the latter also interferes with our ability to measure accurately the

fragmentation pattern of 03 to 03+ , 02 , and 0

By comparing our ion currents for He+ , Ne+ , and Ar+ at 60 ev,

normalized by partial pressures, with Kieffer's cross section data,

we find (see Figure 9) that we have a relative transmission as a func-

tion of mass expressable in this mass range as the straight line

I(m) = 0.4 + 0.015m

* where m denotes ion mass. Since we have experimentally shown fractiona-

tion to be small in this apparatus, we assume T(m) is an ion mass dis-

crimination function, and apply it to all observed ion species. Thus

observed ion currents are corrected for electron energy sensitivity and

* Iion mass discrimination by the transformation

12 (m,E) = (1.00867)(E-60) o(m,E)

58

AL,



If partial pressures are labelled by a subscript denoting the species

molecular weight, M, then our data normalized to Kieffer's datum for

Ar at 60ev, o(40, 60) generate normalized absolute cross sections

a(mE) (1.00 867)E-60 
1o(m,E) .!La o(40,60)

0.4 + 0.015m Io(40,60) P

These normalized and corrected measurements and Kieffer's data are

shown in Figure 10.
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"Figure 10 is unavailable pending final data reduction
and evaluation. Tentative values of the information to be
included in Figure 10 may be obtained by Inspection of
Figure 9."

Figure 10
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APPENDIX

The phase shift experienced by a modulated beam of frequency f,

flight path Z, and Maxwellian velocity distribution with v = T

as been shown by least squares fit to the results tabulated in Ref.

(#1) to be numerically approximately by

f__ : = + 6 2 (1)v, +

where = 2.22 x 10-3 and a = 3.69 x 10- 6

To second order, the solution of the quadratic equation for small

fZ f\ (2)
cV k caV

In practice we measure the change in phase per unit change in

Z; in these experiments * was measured at the forward position of the

quadrupole (Z ), and at 1 cm intervals (1o+1), (Zo+2),(2o+3) cm. A

least-squares fit attaching equal precision to measured phases at

distance increments 6 (6 = 1 cm here) gives

_ 1 (9 (Zo+36) - (to)+ *(Zo+26) -_(__ o+f)

At 10 k 36 6

for the slope.. Thus A¢/AZ is three times as sensitive to 4({o+36)

and o(eo) as to 0(Zo+26) and *(Zo+6). Since the signal strength, and

so the precision of the individual phase measurements, falls off as

-e2 , it would be preferable to avoid giving undue weight to the measure-

ment 4(Zo+36). For this reason the data plotted in Figure 3 are

actually obtained by the somewhat arbitrary weighting

: *(e.+36) -.@(to) + *(to+26) - *(to+f) (3)
At 46
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giving equal weight to all four phase measurements at each electron

energy. Substituting (2) into (3) gives

!2

f (f) (24o+36)

in the specific case of four measurements at tO , to+
6 , to+26, to+ 36.

The coefficients of t and 6, but not the form of the expression, will

be different if the number of phase measurements is more than four.

Expressing the velocity in terms of temperature and mass

/ / 2

*8kT~ -~ -L~ kT (f03 4

The term linear in m is small but not entirely negligible compared to

the term in m. This means that a plot of A /Af vs.4/m (i.e., Fig-

ure 4) will be approximately linear, but if a fit to a straight line

is forced the line will have a positive intercept at zero mass.

Data of the type in Figure 4 are more correctly fit to the quad-

ratic form (4). The least squares fit coefficients of'iiim and m are

given by

3/2
f 8 A (Emi Yi)(Emi2 )(-"miyi)(Emi )
a A = T (zmi)(Emi) (Emi 3/2)2

and

2 3/2
2 (2to+) ='f_ B = (EmiYi)(Emi ) - (Emi y i )(m i3

- (2!+3f) -B B- 2 3/2)2
(Em i)(m i  - (zmi

where yi is the measured value of AO/At at mass mi. For the data in

Figure 4, we obtain A = 2.640 and B = 0.1333.
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In practical units (m in amu, T in0 K), and using the required

values of a and o, we have

A = 1.815 x f0-32T

and
B = 5.476 x 10-  T f2  (2t +36)

T

* In these experiments f was about 1.5 x 10. sec - and s = 1 cm,

from which the measured A = 2.640 confirms that the beam was at

about room temperature, as expected. Similarly the measured B = 0.1333

is solved to give to = 3.9 cm, which is about the expected value of

tie effective modulator-to-ionizer distance.
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Concl usions

Phase spectrometry has been shown to be an appropriate means for

demonstrating the parity of an ozone beam. Cross sections for the ozone

ionization channels leading to 03 0 and 0+ have been measured in the
energy range from threshold to 100 ev. Measurements are relative to litera-

ture values for the rare gases Ar, Ne, and He, and the major error source in

the graphed and tabulated ozone cross sections are associated with knowledge

of the ozone partial pressure in the rare gas buffer mixture. Observed

thresholds for 03 and 02+ are as expected, but the observed threshold for

0+ suggests interesting effects worthy of further measurements.

t*

Tentative, pending completion of data analysis.
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